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Several bone morphogenetic proteins (BMPs) are expressed in the apical ectodermal ridge (AER), a critical signaling center that directs
the outgrowth and patterning of limb mesoderm, but little is known about their function. To study the functions of apical ectodermal BMPs,
an AER-specific promoter element from the Msx2 gene was used to target expression of the potent BMP antagonist noggin to the apical
ectoderm of the limbs of transgenic mice. Msx2-noggin mutant mice have severely malformed limbs characterized by syndactyly, postaxial
polydactyly, and dorsal transformations of ventral structures indicated by absence of ventral footpads and presence of supernumerary ventral
nails. Mutant limb buds exhibit a dorsoventral (DV) and anteroposterior (AP) expansion in the extent of the AER. AER activity persists
longer than normal and is maintained in regions of the apical ectoderm where its activity normally ceases. Mutant limbs possess a broad band
of mesodermal tissue along the distal periphery that is absent from normal limbs and which fails to undergo the apoptosis that normally
occurs in the subectodermal mesoderm. Taken together, our results suggest that apical ectodermal BMPs may delimit the boundaries of the
AER by preventing adjacent nonridge ectodermal cells from becoming AER cells; negatively modulate AER activity and thus fine-tune the
strength of AER signaling; and regulate the apoptosis of the distal subectodermal mesoderm that occurs as AER activity attenuates, an event
that is essential for normal limb development. Our results also confirm that ectodermal BMP signaling regulates DV patterning.
D 2004 Elsevier Inc. All rights reserved.Keywords: Apical ectodermal ridge (AER); Bone morphogenetic protein (BMP); Limb development; Apoptosis; Pattern formation; NogginIntroduction
Members of the bone morphogenetic protein (BMP)
family participate in regulating multiple aspects of verte-
brate limb morphogenesis. During the initiation of limb
formation, BMPs have been implicated in induction of the
apical ectodermal ridge (AER) (Ahn et al., 2001; Pizette et
al., 2001; Soshnikova et al., 2003), a signaling center at the
distal tip of the limb bud that promotes the proliferation and
proximodistal outgrowth of limb mesoderm (Saunders,
1948). BMP signaling also appears to function upstream
of Engrailed1 (En1) in regulating dorsoventral (DV) pat-
terning during limb initiation (Ahn et al., 2001; Pizette et al.,0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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ment, BMPs expressed in the distal subridge mesoderm of
the limb bud have been suggested to act downstream of
Sonic hedgehog signaling to regulate patterning along the
anteroposterior (AP) axis (Drossopoulou et al., 2000;
Duprez et al., 1996; Yang et al., 1997).
In addition to participating in regulation of limb pattern-
ing, BMP signaling has been implicated in mediating
programmed cell death in the limb, including the apoptosis
of the interdigital mesenchyme that is involved in shaping
the digits (Chen and Zhao, 1998; Zuzarte-Luis and Hurle,
2002 for reviews). Interdigital BMPs also may play a role in
regulating the morphological identity of the digits (Dahn
and Fallon, 2000). In addition, BMPs are essential for the
differentiation of the cartilaginous skeletal elements of the
limb (Capdevila and Johnson, 1998; Macias et al., 1997;
Pizette and Niswander, 2000; Yi et al., 2000). BMPs have
also been suggested to mediate the regression of the AER
that occurs after the formation of limb skeletal elements,
C.-K.L. Wang et al. / Developmental Biology 269 (2004) 109–122110thus limiting the extent of limb outgrowth (Ganan et al.,
1998; Pizette and Niswander, 1999).
Most of the established functions of BMPs can be
attributed to their expression and activity in the mesoderm
of the developing limb. However, in addition to being
expressed in various specific domains in limb mesoderm
including the distal mesoderm subjacent to the AER,
several BMPs including BMP2, BMP4, and BMP7 are
expressed in the AER itself (Francis et al., 1994; Lyons
et al., 1995). Little is known about the functions of BMPs
expressed in the AER. It is not clear, for example, whether
apical ectodermal BMPs act in an autocrine fashion to
regulate or modulate some aspect of the activity of the
AER itself, or if they act in a paracrine fashion to
influence the morphogenesis or patterning of the underly-
ing mesoderm. The latter seems less likely, since BMPs are
highly expressed by the subridge mesoderm itself during
early limb development.
To investigate the functions of apical ectodermal BMPs,
we have used an AER-specific promoter element of the
Msx2 gene to target expression of the potent BMP antago-
nist noggin to the apical ectoderm of the limbs of transgenic
mice. Our studies have revealed several important and
previously unrecognized functions for apical ectodermal
BMPs. The results suggest that apical ectodermal BMPs
delimit the boundaries of the AER by preventing adjacent
nonridge ectodermal cells from becoming AER cells; neg-
atively modulate AER activity and thus fine-tune the
strength of AER signaling; and regulate the apoptosis of
the subectodermal mesoderm that occurs as AER activity
attenuates, an event that is essential for normal limb
development. We also confirm that ectodermal BMP sig-
naling regulates DV patterning.Materials and methods
Construction of Msx2-LacZ and Msx2-noggin transgenes
and generation of transgenic mice
Msx2-lacZ transgenes were constructed by cloning a
fragment of the chicken Msx2 gene containing 5.5 kb of
5V flanking sequence, the transcription start site, and 57 nt of
5V nontranslated sequence into the vectors pnlacF and
phsnlacF that contain the complete lacZ open reading frame
(Mercer et al., 1991; Sumoy et al., 1995). The Msx2-noggin
transgene was prepared by replacing the lacZ gene of
phsnlacF with a 760 bp cDNA containing the full coding
sequence of human noggin (from Aris Economides, Regen-
eron Pharmaceuticals).
Transgenic mice were generated by injection into one-
cell FVB/N embryos (Sumoy et al., 1995). One transgenic
founder male mouse that exhibited severe limb malforma-
tions and almost completely lacked body hair (see Results,
Fig. 2A) was obtained from initial injections of the Msx2-
noggin transgene, and used to establish a transgenic line.Because of the poor fertility of the Msx2-noggin mice, the
line was expanded and transgenic embryos were obtained by
breeding the founder male and male offspring to super-
ovulated FVB/N females followed by embryo transfer to
surrogate mothers. Transgenic mice and embryos were
identified by phenotype, Southern blotting, and/or PCR
using transgene-specific primer pairs on placental or tail
DNA. To compare the domains of activity of the 5.5 kb
Msx2 AER-specific promoter in the limbs of normal and
Msx2-noggin embryos, Msx2-noggin transgenic mice were
mated with Msx2-lacZ transgenic mice, and the extent of h-
galactosidase (h-gal) activity determined by X-gal staining
of embryos (Sumoy et al., 1995).
Analytical procedures
Whole mount in situ hybridization and in situ hybrid-
ization on serially sectioned limbs with 33P-labeled probes
was done as previously described (Coelho et al., 1991;
Omi et al., 2000). The probes used were human noggin
(A. Economides, Regeneron Pharmaceuticals), mouse
Msx2 (P. Sharpe), mouse En1 (C. Logan), mouse Lmx1b
(R. Johnson), mouse Fgf8 (G. Martin), mouse BMP4 (B.
Hogan), and mouse Wnt7a (A. McMahon). Immunostain-
ing for noggin with a 1:500 dilution of rat anti-human
monoclonal antibody RP57-16 (3.41 mg/ml) (from A.
Economides, Regeneron Pharmaceuticals) was done as
described (Ferrari and Kosher, 2002). Cell death was
detected in whole limbs by staining of embryos with
0.01% Nile blue sulfate in PBS. Apoptosis in serially
sectioned limbs was assessed by the TUNEL method as
previously described (Ferrari et al., 1998). Cell prolifera-
tion was assayed by immunohistochemical analysis of
incorporation of BrdU into nuclei engaged in DNA
synthesis as described by Dealy and Kosher (1995). The
skeletons of E16.5–E17.5 embryos were whole mount
stained with Alcian blue and Alizarin Red to visualize
cartilage and mineralized bone essentially as described by
McLeod (1980).Results
Ectopic noggin transcripts and noggin protein are present
throughout the apical ectoderm of Msx2-noggin mutant
limbs
The chicken 5.5 kb Msx2 promoter used to target
expression of the noggin transgene exhibits the same
temporal and spatial pattern of activity as that previously
described for the mouse AER-specific Msx2 promoter
(Barrow et al., 2003; Kimmel et al., 2000; Sun et al.,
2000). Activity of the 5.5 kb Msx2 promoter-lacZ reporter
gene construct is initially detectable by h-gal staining at
E9.5 throughout the ventral ectoderm constituting the
prospective and pre-AER shortly before induction of the
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the forelimb (Barrow et al., 2003; Sun et al., 2000). By
E11.5, the lacZ reporter gene is expressed throughout the
definitive AER along the distal periphery of the limb bud
(see Fig. 6A). No activity is observed in limb mesoderm
at any stage.
Neither noggin transcripts nor noggin proteins are
present in the apical ectoderm of the limb buds of normalFig. 1. Ectopic noggin transcripts and noggin proteins are limited to the
apical ectoderm of Msx2-noggin transgenic limbs. (A, B) Noggin transcript
expression and (C–J) noggin protein detectable by immunostaining in
E11.5 (C–F) and E13.5 (A, B, G–J) control (A, C, E, G, I) and Msx2-
noggin mutant (B, D, F, H, J) limbs shown at low (C, D, G, H) and high (E,
F, I, J) magnification. Noggin transcripts and protein are absent from the
apical ectoderm of normal limbs (A, C, E, G, I) but are highly expressed in
the apical ectoderm of mutant limbs (B, D, F, H, J). Noggin transcripts and
proteins are expressed in the differentiating cartilage elements of normal (A,
G) and mutant limbs (B, H). Noggin immunostaining is particularly intense
along the surfaces of the cells of the mutant AERs (F, J), and is absent from
the underlying subridge mesoderm.
Fig. 2. The limbs of Msx2-noggin mutant mice are characterized by
syndactyly, postaxial polydactyly, and dorsal transformations of ventral
structures. (A) Two-month-old Msx2-noggin transgenic mouse. Note the
almost complete absence of body hair. (B, C) The ventral surfaces of the
autopods of hindlimbs of a control mouse (B) and the mutant (C) shown in
(A). The mutant limb exhibits syndactyly of digits 1 – 4, has a
supernumerary postaxial digit (white arrow), lacks the four most distal
footpads present in normal mice, and the two most proximal footpads are
rudimentary. The mutant also exhibits impaired formation of the caterpillar
pads normally present along the ventral surfaces of the digits and has
thickened circumferential nails that emanate from the ventral as well as
dorsal surface of the digit tips (red arrows). (D) A duplicated nail in the DV
axis emanating from the tip of digit 3 in the hindlimb of a 12-month-old
Msx2-noggin mouse. The duplicated nails exhibit mirror image symmetry.
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although noggin transcripts and protein are expressed in
the differentiating cartilage elements (Figs. 1A, G, I). In
contrast, ectopic noggin transcripts and noggin proteins
are expressed in the apical ectoderm of the Msx2-noggin
mutant limb buds through at least E13.5 (Figs. 1B, D, F,
H, J). Noggin immunostaining is particularly intense
along the surfaces of the cells of the AER (Figs. 1F,
J). Moreover, ectopic noggin protein detectable by immu-
nostaining is limited to the apical ectoderm and is not
present in the underlying mesoderm (Figs. 1F, J).
The limbs of Msx2-noggin mutant mice are characterized by
syndactyly, postaxial polydactyly, impaired formation of
ventral footpads, and supernumerary ventral nails
Msx2-noggin mutant mice have severely malformed
limbs (Fig. 2). One of the more striking abnormalities is
syndactyly (Fig. 2C). The Msx2-noggin mutant hin-
dlimbs characteristically exhibit syndactyly of digits 1–
4 (Fig. 2C), whereas the forelimbs most often demon-
strate syndactyly of digits 2–5 or 3–5. Msx2-nogginFig. 3. Gross morphological development of control and Msx2-noggin mutant forel
limb buds (B, H) are broader than normal (A, G). At E13.5 and E14.5, when separa
possess a thickened broad band of mesodermal tissue that extends along the entimutant limbs also often possess a small supernumerary
digit at the postaxial margin adjacent to digit 5 (Figs. 2C
and 4B).
A prominent abnormality of the mutant hindlimbs is
the absence or impaired formation of ventral footpads
(Fig. 2C). The hindlimbs of the most severely affected
mutants lack four or five of the distal footpads and the
proximal footpads are rudimentary (Fig. 2C). Mutant
hindlimbs often possess only the two footpads at the
postaxial margin, whereas the other four footpads are
absent or rudimentary. The mutant limbs also exhibit
impaired formation of the caterpillar pads (Tsugane and
Yasuda, 1995) normally present along the ventral surfaces
of the digits (Fig. 2C). The impairment in ventral footpad
formation is much less severe and exhibits variable
penetrance and expressivity in the forelimbs. Although
all of the hindlimbs of Msx2-noggin mutant mice exhibit
severely impaired formation of ventral footpads, about
half of the mutant forelimbs possess apparently normal
footpads and the remainder exhibit absence or impaired
formation of only one or two of the most distal of the
five footpads.imbs and hindlimbs. At E11.5 (A, B, G, H), the distal portions of the mutant
tion of the digits of normal limbs is occurring (C, E, I, K), the mutant limbs
re distal periphery (arrows in D, J, F, L).
Fig. 4. (A, B) The cartilaginous skeletal elements in Alcian blue-stained
E16.5 control (A) and Msx2-noggin mutant (B) forelimbs. The mutant
has a small supernumerary postaxial digit consisting of two phalanges
(black arrow), and a small ectopic mass of cartilage at the preaxial
margin (green arrow). A band of mesodermal tissue is present along the
distal periphery of the mutant limb (red arrows in B), but the interdigital
mesenchyme has regressed and disappeared (asterisks in B). (C) An
oblique side view of an Msx2-noggin mutant hindlimb showing split
terminal phalanges in the DV plane that exhibit mirror image symmetry
(arrows).
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limbs (Fig. 2B), the Msx2-noggin mutant limbs frequent-
ly possess nails that encompass the ventral as well as
dorsal surface of digit tips (Fig. 2C). The nails, particu-
larly those in the middle digits, often cause duplicated
nails in the DV axis that exhibit mirror image symmetry
(Fig. 2D).
Msx2-noggin mutant mice almost completely lack body
hair (Fig. 2A) and have only a few singular hairs scattered
over their bodies for the first 4 months of their lives after
which they begin to grow hair.
The limb buds of Msx2-noggin mutant embryos are broad
and possess a band of mesodermal tissue along the distal
periphery that is not present in normal limbs
Abnormal morphogenesis of the limb buds of Msx2-
noggin embryos is clearly apparent as early as E11.5 at
which time the distal portions of the mutant limb buds are
broader than normal along the AP axis (Figs. 3A, B, G,
H). The DV girth of the mutant limb buds is also
increased.
At E13.5 and E14.5, when individualization of the
digits is occurring in normal limbs (Figs. 3C, I, E, K),
the mutant limbs possess a thickened broad band of
undifferentiated mesodermal tissue extending along their
entire distal periphery that is not present in normal
limbs (arrows in Figs. 3D, J, F, L; see also Fig. 9).
This distal band of tissue persists through E17.5 (Fig.
4B). However, the interdigital mesenchyme of the mu-
tant limbs regresses and disappears by E16.5 (asterisks
in Fig. 4B).
E16.5 Msx2-noggin mutant limbs often possess a small
supernumerary digit consisting of two small phalanges
located at the postaxial margin adjacent to the distal portion
of digit 5 (Fig. 4B, see also Fig. 2C). Almost all of the
mutant limbs also possess a small mass of cartilage of
irregular and variable shape along the distal preaxial margin
(green arrow in Fig. 4B).
The terminal phalanges of many of the digits of the
Msx2-noggin mutant limbs are split in the DV plane and
exhibit mirror image symmetry (Fig. 4C). The terminal
phalanges of digits 2–5 are almost always split in the
mutant hindlimbs, whereas the terminal phalanges of
digits 4 and 5 are those most frequently split in the
forelimbs.
The AER is expanded in Msx2-noggin mutant limbs
Fgf8, a molecular marker of AER activity, is
expressed in the apical ectoderm along the entire AP
extent of the broadened distal tips of E11.5 Msx2-noggin
mutant limb buds (Figs. 5D, 7B). The AP extent of the
Fgf8 expression domain is about 25–30% greater than in
normal limbs. The expression domain of BMP4 is sim-
ilarly expanded throughout the apical ectoderm along theentire broadened distal periphery (Fig. 7D). The Fgf8
expression domain is expanded both dorsally and ven-
trally as well as along the AP axis of the mutant limbs
(Figs. 5D, E). The DV width of the Fgf8 expression
domain is three to fourfold greater than in normal limbs.
The expanded domain of Fgf8 expression in the mutant
limbs persists through at least E12.5–E13 (Fig. 5F) at
which time Fgf8 expression is attenuated in normal limbs
and limited to a narrow band of cells along the distal
periphery (Fig. 5C).
The DV and AP expansion of the AER in the mutant
limb buds is reflected in an expansion in the domain of
activity of the 5.5 kb Msx2 promoter used to target
expression of the noggin transgene to the apical ectoderm
(Fig. 6). Like the Fgf8 expression domain, the domain of
Fig. 5. The expression domain of Fgf8, a marker of AER activity, is expanded in Msx2-noggin mutant limbs. (A, B, D, E) Ventral (A, D) and distal (B, E, C, F)
views of E11.5 (A, B, D, E) and E12.5 (C, F) control (A–C) and mutant (D–F) limbs. The Fgf8 expression domain is expanded dorsally and ventrally as well
as along the AP axis in the mutant limbs.
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manifestation of the extent of the AER, is expanded
dorsally and ventrally as well as along the AP axis (Figs.
6B, C). The expanded domain of Msx2 promoter activityFig. 6. The DV and AP expansion of the AER in the Msx2-noggin mutant limbs
promoter used to target expression of the noggin transgene to the apical ectoderm
obtained from mating an Msx2-lacZ transgenic mouse with an Msx2-noggin tran
promoter in the mutant limb is expanded dorsally (B) and ventrally (C) as well as a
F) hindlimbs. (E) Dorsal, (F) ventral. In the normal limb, the activity of the Msx2
limb, activity is not only expanded dorsally (E) and ventrally (F), but also is pre
overlying the interdigital regions (E, F).persists in the apical ectoderm through at least E14.5
(Figs. 6E, F), by which time the activity of the promoter
in normal limbs is restricted to ectodermal cells at the
digit tips (Fig. 6D).is manifested in an expansion in the domain of activity of the 5.5 kb Msx2
. (A–C) h-gal activity in E12.5 control (A) and mutant (B, C) hindlimbs
sgenic mouse. (B) Dorsal, (C) ventral. The domain of activity of the Msx2
long the AP axis. (D–F) h-gal activity in E14.5 control (D) and mutant (E,
promoter is restricted to ectoderm at the tips of the digits (D). In the mutant
sent in the apical ectoderm along the entire distal periphery including that
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expanded in the apical ectoderm of the mutant limb buds,
the level of activity of the promoter is reduced. This reduced
activity is reflected in the fact that it takes twice as long to
detect h-gal activity by X-gal staining in the apical ectoderm
of mutant limb buds than in normal limb buds. Consistent
with the reduced activity of the Msx2 promoter, the level ofFig. 7. (A–H) Expression of Fgf8 (A, B), BMP4 (C, D), andMsx2 (E, F, low magn
noggin (B, D, F, H) mutant limbs. Fgf8 (B) and BMP4 (D, arrows) are expressed i
distal tips of the mutant limb buds. Expression of endogenousMsx2 is greatly reduc
H). In contrast,Msx2 is highly expressed in the underlying subridge mesoderm of t
N) expression in E13.5 (I, J) and E14.5 (K, L, M, N) control (I, K, M) and Msx
throughout the mesodermal tissue along the distal periphery of the mutant limbs
mesenchyme of normal (I) and mutant (J) limbs.endogenous Msx2 expression detectable by in situ hybrid-
ization is attenuated, although not completely absent, in the
apical ectoderm of the mutant limb buds (Figs. 7E–H).
These observations indicate that Msx2 expression is down-
regulated in the apical ectoderm of Msx2-noggin limbs. In
contrast, Msx2 is highly expressed in the underlying sub-
ridge mesoderm of normal and mutant limbs (Figs. 7E–H).ification; G, H, high magnification) in E11.5 control (A, C, E, G) and Msx2-
n the expanded apical ectoderm along the entire AP extent of the broadened
ed, but not completely absent, in the apical ectoderm of the mutant limbs (F,
he normal (E, G) and mutant (F, H) limbs. (I–N)Msx2 (I –L) and BMP4 (M,
2-noggin mutant (J, L, N) limbs. Msx2 (J, L) and BMP4 (N) are expressed
(arrows in J, L, N). At E13.5, Msx2 is also expressed in the interdigital
entalAER activity in Msx2-noggin mutant limbs is upregulated,
persists longer than normal, and is maintained in regions of
the apical ectoderm where its activity normally ceases
including the apical ectoderm overlying the interdigital
mesenchyme
As described above, the limbs of E12.5–E13 Msx2-
noggin mutant embryos exhibit an intense and expanded
apical ectodermal domain of Fgf8 expression (Fig. 5F) at a
time when Fgf8 expression has attenuated in normal limbs
and become limited to a very narrow band of cells along the
distal periphery (Fig. 5C). By E13.5 in normal limbs, a low
level of Fgf8 expression is detectable only in the apical
ectoderm overlying the developing digits, and Fgf8 expres-
sion is absent in the ectoderm overlying the interdigital
mesenchyme (Figs. 8A, C). In contrast, in E13.5 mutant
limbs, relatively intense Fgf8 expression is maintained
throughout the apical ectoderm along the distal periphery
including that overlying the interdigital regions (Figs. 8B,
D). By E14.5, at which time Fgf8 expression is no longer
detectable in the apical ectoderm of normal limbs (Fig. 8E),
patches of Fgf8 expression persist in the apical ectoderm of
the mutant limbs including portions of the ectoderm over-
lying the interdigital regions (Fig. 8F). These results indicate
that in Msx2-noggin mutant limbs AER activity is main-
tained longer than normal and persists in regions of the
apical ectoderm where it normally ceases. Consistent with
this, the domain of activity of the 5.5 kb Msx2 promoter,
which is reflective of the extent of the AER, is not only
expanded but persists in the apical ectoderm along the entire
distal periphery of Msx2-noggin mutant limbs at E14.5
(Figs. 6E, F), when promoter activity is restricted to the
ectoderm at the digit tips in normal limbs (Figs. 6D).
C.-K.L. Wang et al. / Developm116Fig. 8. Fgf8 expression in Msx2-noggin mutant limbs persists longer than norma
normally ceases. (A–D) In E13.5 control limbs, Fgf8 expression is present at low
absent in the ectoderm overlying the interdigital regions (arrow in A, C). In mutan
the distal periphery including that overlying the interdigital regions (B, D). (E, F) A
Fgf8 expression persists in the apical ectoderm of mutant limbs including portionThe band of mesodermal tissue along the distal periphery of
Msx2-noggin mutant limbs fails to undergo the apoptosis
that normally occurs in the subectodermal mesoderm
At E11.5, there is little or no difference in the pattern
of apoptosis in normal and Msx2-noggin mutant limb
buds. Small areas of apoptosis of comparable size detect-
able by TUNEL staining are present at the anterior and
posterior margins of both normal and mutant limb buds as
well as in central mesenchyme corresponding to the
opaque patch between the developing zeugopodal ele-
ments (data not shown). Small numbers of TUNEL-
positive cells are scattered throughout the AERs of both
normal and mutant limb buds. Thus, the striking expan-
sion of the AER in the mutant limbs does not result from
decreased apoptosis of AER cells. Furthermore, prolifer-
ating cells assayed by BrdU immunostaining are evenly
distributed throughout the AERs and the underlying
mesoderm of E11.5 normal and mutant limb buds (data
not shown), indicating that the expansion of the AER in
the mutant limb buds does not result from an enhanced
rate of proliferation of AER cells.
At about E12.5 differences in the patterns of cell death
in normal and Msx2-noggin limbs are apparent. In
normal limbs at this time, apoptosis occurs in the distal
mesoderm directly underneath the apical ectoderm along
the distal periphery of the limb bud (see Figs. 9A, C). In
contrast, in mutant limbs, no apoptosis occurs in the
distal mesoderm directly underneath the apical ectoderm
(Figs. 9B, D). Rather, a band of cells undergoing
apoptosis is present about 0.3 mm or so away from the
AER (Figs. 9B, D). In normal limbs at E13.5 and E14.5,
apoptosis extends from the subectodermal mesoderm into
Biology 269 (2004) 109–122l and is maintained in regions of the apical ectoderm where its expression
levels only in the apical ectoderm overlying the developing digits and is
t limbs, Fgf8 expression is maintained throughout the apical ectoderm along
t E14.5, when Fgf8 expression is not detectable in control limbs (E), patchy
s overlying the interdigital regions (F).
Fig. 9. The band of mesodermal tissue along the distal periphery of Msx2-noggin mutant limbs fails to undergo the apoptosis that normally occurs in the distal
subectodermal mesoderm. (A–D) Cell death detectable by Nile blue (A, B) and TUNEL (C, D) staining in E12.5 control (A, C) and mutant (B, D) hindlimbs.
In normal limbs, extensive cell death is occurring in the distal mesoderm directly underneath the apical ectoderm (A, C). In mutant limbs, no cell death is
occurring in the mesoderm tissue directly underneath the apical ectoderm (arrows in B, D). A band of dying cells is located about 0.3 mm or so away from the
apical ectoderm in the mutant limbs (B, D). (E–H) Apoptosis detectable by TUNEL staining in E13.5 (E, F), and E14.5 (G, H) control (E, G) and Msx2-noggin
mutant (F, H) limbs. In normal limbs, apoptosis extends from the subectodermal mesoderm into the distal interdigital mesenchyme (E, G), whereas in mutant
limbs, the subectodermal mesoderm exhibits no apoptosis (arrows F, H). Apoptosis is, however, occurring in the interdigital mesenchyme of the mutants (F, H).
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in the mutant limbs, the subectodermal mesoderm still
exhibits no apoptosis (Figs. 9F, H). The subectodermal
mesoderm of the mutant limbs that fails to undergo
apoptosis corresponds to the band of mesodermal tissue
that extends along the distal periphery (see Figs. 3D, J, F,
L). Although the subectodermal mesoderm of the mutant
limbs fails to undergo cell death, apoptosis does occur in
the interdigital mesenchyme (Figs. 9F, H).
The subectodermal mesoderm that fails to undergo apo-
ptosis in the Msx2-noggin mutant limbs exhibits high level
expression of both Msx2 and BMP4 (Figs. 7J, L, N), genes
that have been implicated in the regulation of programmed
cell death.The expression of genes involved in regulating DV
patterning is modified in Msx2-noggin mutant limbs
The limbs of Msx2-noggin mutant mice exhibit impaired
formation of ventral footpads and caterpillar pads, and
possess supernumerary ventral nails suggesting dorsal trans-
formations of ventral structures. Consistent with this, the
dorsal mesoderm marker gene Lmx1b (Figs. 10A, C) is
expressed in the ventral mesoderm as well as the dorsal
mesoderm of mutant limb buds (Figs. 10B, D). Similarly,
the dorsal ectoderm marker Wnt7a is ectopically expressed
in the ventral ectoderm as well as in its normal domain in
the dorsal ectoderm (Figs. 10E, F). The ventral marker En1
is not expressed in the ventral ectoderm of mutant limb buds
Fig. 10. The expression of genes involved in regulating DV patterning is
altered in Msx2-noggin mutant limbs. Expression of the dorsal mesoderm
marker Lmx1b (A–D), the dorsal ectoderm marker Wnt7a (E, F), and the
ventral ectoderm marker En1 (G–J) in E11.5 (E–H), E13.5 (A, B, I, J), and
E14.5 (C, D) control (A, C, E, G, I) and mutant (B, D, F, H, J) hindlimbs
(C–J) and forelimbs (A, B). Dorsal is up, ventral down. Expression of
Lmx1b and Wnt7a is restricted to the dorsal mesoderm and ectoderm,
respectively, in normal limbs (A, C, E). In the mutant limbs, Lmx1b is
expressed in the ventral as well as dorsal mesoderm (B, D), and Wnt7a is
expressed in both the ventral and dorsal ectoderm (F). En1 is expressed in
ventral ectoderm of normal (G, I) but not mutant limbs (H, J).
C.-K.L. Wang et al. / Developmental Biology 269 (2004) 109–122118(Figs. 10H, J) as it is in normal limbs (Figs. 10G, I). These
analyses confirm that the limbs of Msx2-noggin mutant
embryos are dorsalized.Discussion
Apical ectodermal BMPs may delimit the boundaries of the
AER by preventing adjacent nonridge ectodermal cells from
becoming AER cells
Ectopic noggin transcripts and noggin protein are present
throughout the AER of Msx2-noggin mutant limbs through
at least E13.5. Ectopic noggin protein detectable by immu-nostaining is limited to the apical ectoderm, and is not
detectable in the underlying mesoderm. This suggests that
although noggin is a secreted protein, it does not diffuse
from the apical ectoderm to the underlying mesoderm. The
apparent restriction of noggin to the apical ectoderm is
consistent with studies indicating that the effects of noggin
are short range and it is not readily diffusible (Paine-
Saunders et al., 2002). In particular, noggin binds very
strongly to cell surface heparan sulfate proteoglycans
(HSPGs), and this binding serves to localize secreted noggin
to the plasma membrane (Paine-Saunders et al., 2002).
Consistent with this, noggin immunostaining is particularly
intense along the surfaces of the contiguous cells of the
AER. Thus, the diffusion of noggin from the AER is likely
prevented by its binding to cell surface HSPGs, perhaps
members of the glypican family (Niu et al., 1996). A further
indication that noggin does not diffuse between the apical
ectoderm and mesodermal tissue compartments in the limb
is that noggin-soaked beads implanted subjacent to the AER
do not affect AER activity or gene expression (Merino et al.,
1998). The persistence of expression of endogenous Msx2, a
target gene of BMP signaling, in the subridge mesoderm of
the Msx2-noggin mutant limbs further indicates that ectopic
noggin expressed in the AER is not affecting BMP activity
in the underlying mesoderm. Taken together, these results
indicate that the phenotypic effects of noggin misexpression
in the Msx2-noggin mutant limbs can be attributed solely to
inhibition of BMP activity in the apical ectoderm.
One of the major effects of noggin misexpression in the
apical ectoderm is an expansion in the extent of the AER
reflected in expanded domains of expression of molecular
markers of AER activity including Fgf8, BMP4, and Msx2.
The expression domains of AER markers are expanded
dorsally and ventrally as well as along the AP axis. The
DV and AP expansion of the AER is also manifested in an
expansion in the domain of activity of the 5.5 kb Msx2
promoter used to target expression of the noggin transgene
to the apical ectoderm. The AP and DV expansion of the
AER is associated with a broadening of the distal portions of
the mutant limbs.
There are no detectable differences in the relative numb-
ers of cells undergoing proliferation or apoptosis in the
AERs of E11.5 normal and mutant limb buds, indicating
that the expansion of the AER in response to noggin
misexpression does not result from either an enhanced rate
of proliferation or decreased apoptosis of AER cells.
These results suggest that the expansion of the AER in
response to noggin misexpression in the apical ectoderm
may be a consequence of the recruitment into the AER of
contiguous ectodermal cells that would not normally be
assimilated into it. This suggests that during normal limb
development, BMPs produced in the AER may signal to
adjacent nonridge ectodermal cells and prohibit or suppress
them from becoming AER cells. Thus, BMPs produced in
the AER may serve to delimit the boundaries of the AER
and define the extent of its activity. This action is reminis-
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ing systems in which the differentiation of a specific cell
type prevents the differentiation of that same cell type by
neighboring cells (Meinhardt and Gierer, 2000). Indeed,
BMPs expressed by nascent feather bud placodes mediate
the lateral inhibition of feather bud formation in adjacent
ectoderm (Jung et al., 1998; Noramly and Morgan, 1998).
Our results suggesting that apical ectodermal BMPs
prevent adjacent nonridge ectodermal cells from differenti-
ating into AER cells interface well with the study of
Kimmel et al. (2000) showing that by E10.5 lineage
restriction boundaries have been established at the junctions
between the ventral AER and ventral nonridge ectoderm and
between the dorsal AER and dorsal nonridge ectoderm that
prevent the incorporation of adjacent nonridge ectodermal
cells into the AER. We suggest that the maintenance of these
lineage restriction boundaries, which result in the AER
becoming a self-contained unit, is dependent on BMPs
produced in the AER that suppress AER differentiation by
adjacent non-AER cells.
The expression of En1 is downregulated in the ventral
ectoderm of Msx2-noggin mutant limbs, particularly hin-
dlimbs, suggesting that BMPs function upstream of En1 in
regulating DV limb patterning (see following sections for
further discussion). Thus, it should be noted that loss of
En1 function results in a ventral extension of the AER that
can be accompanied by the formation of an ectopic ventral
AER perpendicular to the normal AER (Cygan et al.,
1997; Loomis et al., 1996, 1998). In contrast to the En1
null mutants, the AER of the Msx2-noggin mutants is
expanded dorsally as well as ventrally, and is also expand-
ed along the AP axis. Thus, it is unlikely that the down-
regulation of En1 in the ventral ectoderm and the resultant
modification of DV polarity plays a major role, if any, in
the expansion of the AER along the DV and AP axes in
the Msx2-noggin mutant limbs. Consistent with this, the
AER is expanded to a similar extent in both the forelimbs
and hindlimbs of Msx2-noggin mutants, whereas major
modifications of DV patterning and downregulation of En1
expression are prominent and completely penetrant char-
acteristics of the hindlimbs, but not the forelimbs of the
mutants. The latter presumably reflects the expression of
the Msx2 promoter at an earlier developmental stage in the
hindlimbs than in the forelimbs of the mutants. Thus, the
expansion of the AER in the Msx2-noggin mutants occurs
independently of the modifications in DV patterning eli-
cited by downregulation of En1 expression in ventral
ectoderm.
Apical ectodermal BMPs modulate AER activity
Our results indicate that in addition to suppressing AER
differentiation in adjacent nonridge ectoderm, apical ecto-
dermal BMPs modulate the activity of the AER itself. In
particular, Msx2 expression is downregulated, although not
completely inhibited, in the AER of Msx2-noggin mutantlimbs, indicating that Msx2 is downstream target of auto-
crine BMP signaling in the AER.
In contrast to the attenuation of Msx2 expression, the
expression of Fgf8 in the mutant limbs is not only expanded,
but also upregulated and maintained longer than normal.
Fgf8 expression also persists where its expression normally
ceases, in particular, the apical ectoderm of the interdigital
regions. These results suggest that during normal limb
development, apical ectodermal BMPs negatively modulate
the activity of the AER.
The negative effects of apical ectodermal BMPs on AER
activity may be counterbalanced by the expression in the
AER of positive regulators of AER activity such as Wnt3
that positively regulates Fgf8 expression and is required for
maintenance of AER activity (Barrow et al., 2003). We
suggest that a coordinated balance between negative (BMP)
and positive (Wnt3) autocrine signaling pathways may fine-
tune the strength of AER signaling.
The maintenance of Fgf8 expression in the apical ecto-
derm of the interdigital regions of the Msx2-noggin limbs
suggests that during normal development, BMP activity in
the apical ectoderm of the interdigital regions is essential for
the cessation of Fgf8 expression and the regression of AER
activity that occurs in these regions.
Apical ectodermal BMPs regulate the apoptosis of the
subectodermal mesoderm
Our temporal analysis of cell death indicates that the
distal mesoderm directly underneath the apical ectoderm is a
major site at which programmed cell death occurs as AER
activity attenuates during normal development (see also
Kimura and Shiota, 1996; Milaire and Rooze, 1983). In
the Msx2-noggin mutant limbs, however, the mesoderm
directly subjacent to the apical ectoderm does not undergo
apoptosis as it does in normal limbs. The failure of the
subectodermal mesoderm to undergo apoptosis is associated
with the presence of a broad band of mesodermal tissue
along the entire distal periphery that is not present in normal
limbs and which persists throughout development. This
mass of tissue may band together the digits of the limbs
resulting in the syndactyly or lack of separation of the digits
that is manifested in the Msx2-noggin mutant mice. Al-
though the distal subectodermal mesoderm persists in the
mutant limbs, the interdigital mesenchyme does undergo
apoptosis and regression. Thus, the apoptosis of the distal
subectodermal mesoderm may play an important role in
normal limb morphogenesis by eliminating distal mesoder-
mal tissue that would otherwise prevent separation of the
digits.
Our results suggest that the apoptosis of the distal
subectodermal mesoderm is dependent on BMPs in the
overlying apical ectoderm, since the subectodermal meso-
derm does not die when noggin is misexpressed in the apical
ectoderm. Apical ectodermal BMPs may regulate the death
of the subectodermal mesoderm by negatively controlling
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ectoderm that maintain the survival of the underlying
mesoderm. Fgf8 and other Fgfs are reasonable candidates
for survival factors whose expression in the apical ectoderm
may be negatively regulated by BMPs, particularly since
Fgf8 expression is expanded, upregulated, and persists
longer than normal in the apical ectoderm of the Msx2-
noggin mutant limbs.
Ectodermal BMPs act upstream of En1 to regulate DV
patterning in the limb
Our results indicate that dorsal transformations of ventral
structures occur in Msx2-noggin mutant limbs confirming
other recent studies indicating that BMP signaling plays a
crucial role in establishment of DV polarity (Ahn et al.,
2001; Barrow et al., 2003; Pizette et al., 2001; Soshnikova
et al., 2003). During early stages of limb initiation when DV
patterning is being established, Msx2 and BMPs are
expressed in ventral limb ectoderm (Ahn et al., 2001;
Barrow et al., 2003; Bell et al., 1998; Lyons et al., 1990;
Pizette et al., 2001). Thus, the modifications of DV pattern-
ing in the Msx2-noggin mutant limbs likely results from
noggin-mediated inhibition of BMP signaling in ventral
limb ectoderm during early stages of limb initiation.
The absence of En1 expression in the ventral ectoderm of
Msx2-noggin mutant limbs indicates that ectodermal BMPs
act upstream of En1 in regulating DV polarity as suggested
by others (Ahn et al., 2001; Pizette et al., 2001). Expression
of BMPs in ventral limb ectoderm during limb initiation is
dependent on ectodermal h-catenin-mediated Wnt3 signal-
ing indicating that BMP signaling lies between Wnt3
signaling and En1 in ventral ectoderm in regulating DV
patterning (Barrow et al., 2003). En1, in turn, regulates DV
patterning by inhibiting the expression of the dorsalizing
gene Wnt7a in the ventral ectoderm, thus restricting Wnt7a
expression to the dorsal ectoderm where it activates the
expression of the dorsalizing factor Lmx1b in the dorsal
mesoderm (see Chen and Johnson, 2002 for review).
Relationship to other recent studies on the roles of BMPs in
limb morphogenesis
Guha et al. (2002) have used the keratin 14 (K14)
promoter to drive expression of noggin presumably through-
out all of the ectoderm of the limbs of transgenic mice. The
resultant phenotype differs in several significant ways from
that which we observe resulting from targeted expression of
noggin to the apical ectoderm using the Msx2 promoter.
Firstly, the K14-noggin mutant limbs do not exhibit the
expansion of the AER that occurs in the Msx2-noggin
mutants, nor do they display the corresponding broadening
of the distal tips. Furthermore, endogenous Msx2 expression
is reported not to be downregulated in the K14-noggin
mutant limbs (Guha et al., 2002) as it is in the AER of
the Msx2-noggin mutants, although Fgf8 expression persistslonger than normal in the K14-noggin mutants as it does in
the Msx2-noggin mutants. K14-noggin mutant limbs also
lack the band of mesodermal tissue that is characteristically
present along the expanded distal periphery of the Msx2-
noggin mutant limbs, although the K14-noggin limbs do
exhibit syndactyly and postaxial polydactyly. Furthermore,
no modifications in DV patterning apparently occur in the
K14-noggin mutant limbs (Guha et al., 2002). The most
likely reason for these major differences in phenotype is that
the K14 promoter may drive expression of noggin at a later
developmental stage than the Msx2 promoter. Another
possibility is that the level of expression of ectopic noggin
driven by theMsx2 promoter may be greater than that driven
by the K14 promoter. In any case, our present study has
revealed several novel and important functions for ectoder-
mal BMPs that were not manifested in the study of Guha et
al. (2002).
Kulessa et al. (2000) have generated transgenic mice
expressing noggin under the control of the mouse AER-
specific Msx2 promoter. Although they reported that the
limbs of the mutant mice are malformed, a detailed descrip-
tion of the limb abnormalities is not presented. However,
Kulessa et al. (2000) reported that the Msx2-noggin mutant
mice had almost no external body hair resulting from the
Msx2 promoter driving expression of the noggin transgene
to postnatal hair follicles where it disrupted hair shaft
differentiation. We have observed that Msx2-noggin mice
have only a few scattered body hairs for the first 4 months of
their lives, consistent with an important role for BMPs in
hair formation (Kulessa et al., 2000).
Recent studies have implicated BMP signaling in induc-
tion of the AER at the onset of limb formation (Ahn et al.,
2001; Pizette et al., 2001; Soshnikova et al., 2003). In
particular, conditional inactivation of BMPR-IA in prospec-
tive limb ectoderm results occasionally in lack of AER
formation and hindlimb agenesis (Ahn et al., 2001; Soshni-
kova et al., 2003). Interestingly, however, in our present
study, AER induction and expression of Fgf8 is not
inhibited in Msx2-noggin mutant embryos even though
the Msx2 promoter driving noggin is expressed in the
ventral ectoderm of the prospective hindlimb before induc-
tion of the AER (see also Sun et al., 2000; Barrow et al.,
2003). Although AER induction is not disrupted in the
Msx2-noggin mutants, DV patterning, which like AER
induction occurs in ventral ectoderm at the onset of limb
formation, is consistently disrupted indicating that the
noggin transgene is efficiently suppressing BMP signaling
during limb initiation. The reason for these apparent dis-
crepancies is not clear. It is possible that in the Msx2-noggin
mutants, ectopic noggin proteins are not produced until
slightly after AER induction has occurred and/or are not
yet being produced at sufficiently high levels during BMP-
mediated AER induction to block the process.
The source of the BMPs that apparently induce AER
formation in prospective limb ectoderm is likely the under-
lying mesoderm. Induction of the AER is dependent on
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Saunders and Reuss, 1974), and BMPs are transiently
expressed by the underlying mesoderm during AER induc-
tion (Ahn et al., 2001). AER induction is also dependent on
h-catenin-mediated Wnt3 signaling in the ventral ectoderm
constituting the prospective AER (Barrow et al., 2003), and
the recent study of Soshnikova et al. (2003) suggests that
BMPs regulate AER induction by directly or indirectly
promoting h-catenin-mediated Wnt signaling in the pro-
spective AER. In turn, h-catenin-mediated Wnt3 signaling
induces the expression of Fgf8, BMPs, and other AER
markers in the ventral ectoderm constituting the pre-AER
and subsequently maintains their expression in the definitive
AER (Barrow et al., 2003). Our results indicate that the
BMPs produced in the apical ectoderm after AER formation
delimit the boundaries of the AER by preventing adjacent
nonridge ectodermal cells from becoming AER cells. Thus,
it appears that mesodermal BMPs play a critical role in AER
induction, while apical ectodermal BMPs play a critical role
in defining the extent of AER activity after its formation and
also in modulating the strength of AER signaling.Acknowledgments
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